We have studied the binding of the tumor antigen (T-antigen) of simian virus 40 to simian virus 40 chromatin (minichromosomes). The minichromosomes isolated from infected cells by a modification of standard techniques were relatively free of contaminating RNA and cellular DNA and had a ratio (by weight) of protein to DNA of approximately 1; their DNA was 50 to 60% digestible to an acid-soluble form by staphylococcal nuclease. Cleavage of this chromatin with restriction endonucleases indicated that the nuclease-resistant regions were randomly distributed in the population of minichromosomes, but were not randomly distributed within minichromosomes. Only 20 to 35% of these minichromosomes adsorbed nonspecifically to nitrocellulose filters, permitting binding studies between simian virus 40 T-antigen and chromatin to be performed. Approximately two to three times as much T-antigen was required to bind chromatin as to bind an equivalent amount of free DNA. When T-antigen was present in excess, both chromatin and free DNA were quantitatively retained on the filters. On the other hand, when DNA or chromatin was present in excess, only one-third as much chromatin as DNA was retained. We suggest that T-antigen-chromatin complexes may be formed by the cooperative binding of T-antigen to chromatin, whereas T-antigen-DNA complexes may be formed by simple bimolecular interactions.
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The tumor antigen (T-antigen) of simian virus 40 (SV40), encoded by the viralA gene (1, 18, 23, 24, 32) , binds to SV40 DNA (3) and is required for the initiation of viral DNA synthesis (4, 31) . DNA replication is initiated at a unique site located 0.67 fractional unit from the EcoRI site on the conventional physical map of SV40 (11) . Curiously, however, T-antigen binds with high affinity to three different HindII + HI restriction fragments of SV40 DNA, only one of which includes the origin of DNA replication (16) . We have therefore examined the interaction of Tantigen with SV40 chromatin to determine whether the condensation of DNA into chromatin affected its capacity to bind T-antigen.
It has been demonstrated that the histones of SV40 chromatin isolated from infected cells (9, 12) or from visions (5) are condensed into 21 spherical units or v-bodies. It is presumably these structures that result in the failure of staphylococcal nuclease to digest completely all ofthe DNA ofchromatin. Polisky and McCarthy (26) have argued that the protected regions are randomly distributed along the DNA; however, the chromatin they studied was prepared from virions by a technique that disrupts the v-bodies (5) . We have therefore reexamined the distribution of the protected regions preparatory to the study of T-antigen binding to chromatin.
MATERIALS AND ME]HODS
Cell growth. BSC-1 monkey kidney cells were grown in 75-cm2 tissue culture flasks (Falcon Plastics, Oxnard, Calif.) or 700-cm2 glass roller bottles in Eagle minimal essential medium (MEM; NIH Media Supply) supplemented with 2% (MEM-2) or 10% (MEM-10) fetal bovine serum (Flow Laboratories, Inc., Rockville, Md.) in an atmosphere of 5% CO2. Wild-type SV40 stocks (strain 776) passaged at a low multiplicity were used for infection (4) .
Isolation of IC-labeled SV40 DNA. Confluent BSC-1 cells grown in MEM-10 in 75-cm2 flasks were infected with wild-type SV40 at a multiplicity of infec-(Spinco, Fullerton, Calif.) at 20-C, the centrifuge tubes were punctured and 30 fractions of 0.2 ml were collected. Samples were taken for the measurement of refractive index and assayed for 14C in Spectrafluor (Amersham/Searle, Arlington Heights, Ill.)-toluene-Triton X-100-water (0.52:19:10:2). The fractions containing supercoiled DNA were combined and passed through a column (20 by 0.7 cm) of Dowex 50W-X8 (Bio-Rad Laboratories, Richmond, Calif.), Na' form equilibrated with 0.1 M NaCl-0.5 mM EDTA-10 mM Tris-hydrochloride (pH 7.4). The DNA was eluted in the same buffer (dialyzed in the same buffer for 2 h at room temperature), precipitated with 2 volumes of ethanol at -20'C, and stored overnight at -20'C. The precipitated DNA was collected by centrifugation at 10,000 rpm in a Sorvall SS34 rotor (DuPont Co., Newton, Conn.) for 20 min, resuspended in the same buffer, and layered over a 10 to 30% linear sucrose gradient in the same buffer. After centrifugation at 10'C for 14 h in an SW40 rotor (Beckman Instruments, Inc., Fullerton, Calif.) at 35,000 rpm, 30 fractions were collected and assayed as above for 14C.
The fractions containing 21S supercoiled SV40 DNA were pooled, dialyzed for 24 h against 0.15 M NaCl-10 mM Tris-hydrochloride, pH 7.4, and stored in portions at -200C.
Isolation of SV40 chromatin. The initial procedure follows that of Griffith (12) . Confluent BSC-1 cells in roller bottles were infected with wild-type SV40 (multiplicity of infection, 10 to 100 PFU/cell) in MEM-2. After 25 h at 37°C, the medium was removed and replaced with MEM-2 containing [3H]-thymidine (10 ml, 100 lCi/ml, 50 mCi/mmol; New England Nuclear, Boston, Mass.). After 5 h of labeling, the cells were scraped off the glass in a minimal volume of cold MEM-2 and collected by centrifugation at 4,000 rpm in the SS34 rotor for 5 min at 4°C. The cell pellet was washed with 10 volumes of TENS buffer (0.15 M NaCl-10 mM Tris-hydrochloride-10 mM Na2HSO30.1 mM EDTA [pH 7.4]) and resuspended in the same buffer. The cells were broken by 10 strokes with pestle B in a Dounce homogenizer and centrifuged at 4,000 rpm for 10 min at 4°C in the SS34 rotor. This procedure was repeated twice. The crude nuclear pellet was resuspended in 3 volumes of 0.25% Triton X-100-0.1 mM EDTA-10 mM Tris-hydrochloride (pH 7.9) and incubated for 5 min at 37°C. Next, 5 Purification of SV40 T-antigen. In all of the experiments described, T-antigen was partially purified from an SV40-transformed human fibroblast line, SV80, through the agarose chromatography step (20 10.5 (14) . (i) Our chromatin, like m alia chromatin, had a ratio of protein to DNA (by weight) of approximately 1. The chromatin was fixed with formaldehyde, and the product banded to equilib- rium in CsCl (Fig. 2) . Our formaldehyde-fixed chromatin banded at a density of 1.46 g/cm3, and that of Polisky and McCarthy banded at 1.55 g/cm3. When a density of histone proteins in CsCl of 1.275 to 1.33 g/cm3 (7, 28) and the relationship (1 + x) khbmatin = VDNA + X bprobtei were used, the weight ratio of protein to DNA, x, was 0.87 to 1.29 for our chromatin versus 0.33 to 0.44 for that of Polisky and McCarthy (26) .
(ii) As with m lian chromatin (6), approximately 40 to 50% of the DNA in our chromatin was resistant to staphylococcal nuclease digestion during incubation for 3.5 h at 370C (Fig.  3) . On the other hand, we have previously demonstrated that less than 20% of the DNA in the nucleoprotein complex isolated by alkaline disruption of visions is resistant to staphylococcal nuclease digestion (22 (35) . Further experiments are in progress to determine why the majority of SV40 chromatin passes through nitrocellulose filters.
More T-antigen was required to bind SV40 chromatin to a filter than to bind an equivalent amount of DNA (Fig. 6) . When the point of 50%
binding was taken as a measure of the interaction, it appeared that two to threefold as much T-antigen was required to bind chromatin as DNA. (In excess T-antigen, all of the chromatin was retained on the filter.) A number of explanations were considered (see below), including the possibilities that T-antigen bound less tightly to chromatin than to DNA and that chromatin had fewer high-affinity T-antigen binding sites than DNA (16) . These possibilities seem to be eliminated by the results of experiments in which the filter binding of T-antigenchromatin or T-antigen-DNA complexes was determined as a function of chromatin or DNA concentration.
We consistently saw a staking difference between the binding of chromatin and DNA to filters when a fixed amount of T-antigen was added to increasing amounts of chromatin or DNA (Fig. 7b) . As the DNA concentration was increased, the initial slope of binding of chromatin was one-third that of DNA. The plateau level of binding was reached at approximately the same concentrations of DNA as of chromatin, and the amount of DNA bound to the filter remained constant and three times that of chromatin as the concentrations of DNA or chromatin were increased. The lower level of chromatin binding was not due to some inhibitor in is represented by the amount of DNA it contained; i.e., since the ratio ofprotein to DNA is approximately 1, I ng of chromatin DNA in the graphs corresponds to approximately 2 ng of nucleoprotein. In (a), equal amounts of DNA and chromatic were mixed, and the input and amount bound are expressed as the amount of each component present. In (b), the DNA and chromatic were assayed separately. the chromatin preparation since, when equal amounts of chromatin and DNA were mixed and T-antigen was added, the binding of the two differentially labeled species was the same as when the binding assays were carried out separately (Fig. 7a) . These results cannot be explained simply as a reduction in the affinity or number of binding sites of chromatin for Tantigen. In either case equivalent amounts of chromatin and DNA should have been bound in excess chromatin and excess DNA although the shapes of the binding profiles would have differed. Another possibility to explain the different binding properties of T-antigen-chromatin and T-antigen-DNA complexes to nitrocellulose filters was therefore entertained.
We examined the possibility that T-antigen interacts with chromatin as with DNA, but that only T-antigen-chromatin complexes in which the T-antigen is bound near the site of DNA replication can be adsorbed to nitrocellulose filters; i.e., that for some structural reason T-antigen-chromatin complexes in which the T-antigen is bound other than at the origin of DNA replication are not efficiently retained by the filter. We reasoned that if only those complexes in which the T-antigen was bound near the origin of DNA replication could be adsorbed to the filters, then a different binding profile should be observed when we used chromatin from an SV40 variant that contains nine origins for SV40 replication. The DNA of the variant 1103 is 80% the length of wild-type SV40 DNA (19) and lacks one and possibly two of the three SV40 regions that bind T-antigen with high affinity (16) . The procedure for isolation was the same as described above, except that the chromatin of the variant had to be separated from the chromatin of wild-type helper SV40 by separately pooling the leading and trailing edges of the chromatin peak after sucrose gradient centrifugation. After several rounds of centrifugation and separate pooling of the leading and trailing edges, the DNAs from the fractions enriched in wild-type and variant chromatin were analyzed by electrophoresis. The fraction enriched in wild-type DNA contained 90% wildtype SV40 DNA, and the fraction enriched in variant DNA contained 76% 1103 DNA (Fig. 8) . The chromatin from the variant bound to nitrocellulose filters in the presence of T-antigen like the chromatin from wild-type virus and unlike free DNA (Fig. 9) . We conclude that the difference between the binding of T-antigen-chromatin and T-antigen-DNA complexes to filters is not explained by the hypothesis that only Tantigen-chromatin complexes in which the Tantigen is bound near the origin of DNA replication bind to filters. (8) . We assume that the DNA regions inaccessible to extensive staphylococcal nuclease digestion (6) are contained in the nucleohistone complexes (nucleosomes or v-bodies) seen by electron microscopy (9, 12) .
Any analysis of the distribution of histones in chromatin based on restriction endonuclease cleavage is suspect because the Mg2e concentrations required by most of these enzymes can lead to mobility of the histones (6) . For (Fig. lb) or equilibrium sedimentation of chromatin fixed with formaldehyde ( Fig. 2) suggest that each of the minichromosomes contains approximately the same number of v-bodies, in agreement with the electron microscopic data (5, 9, 12) . (ii) The vbodies might be found in the same place in every minichromosome; i.e., precisely the same DNA sequences in every molecule might be either protected or exposed. This also seems unlikely because only 50% of the molecules were sensitive to EcoRI digestion, suggesting that the single EcoRI restriction site in SV40 DNA was exposed in only half of the minichromosome population. Finally, the v-bodies could be either (iii) randomly or (iv) uniformly spaced around the minichromosome; in either case any particular DNA sequence could have a 50% probability of being protected. Polisky and McCarthy (26) have pointed out that these two distributions can be distinguished by digestion with a restriction endonuclease that cleaves SV40 at more than one site. If v-bodies are randomly spaced, the probability that any two adjacent restriction sites would be exposed is given by the square of the probability that any one site is exposed. In this case a limit digest of chromatin will yield equimolar amounts of those fragments found after a limit digest of free DNA. If, however, the vbodies are uniformly spaced, the accessibility of any two adjacent restriction sites will depend upon the distance between the two sites as well as the size and spacing of the v-bodies. For example, let us assume that approximately 60 nucleotides lie between each v-body and 140 nucleotides lie within each v-body (8, 29, 30, 34, 36) . If two restriction sites are separated by 200 x n nucleotides, 30 to 50% of the minichromosomes will yield the fragment between the two sites; in contrast, if the two sites are separated by 100 + (200 X n) nucleotides, then none of the minichromosomes will yield the fragment. Experimentally, the results of limit digestion by HindlII (Table 2) demonstrate that equimolar amounts of the fragments are not released, suggesting that v-bodies are not randomly distributed within minichromosomes.
We therefore conclude the following: (i) in a population of minichromosomes, most contain approximately the same number of v-bodies; (ii) every DNA sequence is contained within a vbody in some of the minichromosomes (i.e., the v-bodies are randomly distributed among different DNA molecules); and (iii) the v-bodies are not randomly distributed within each minichromosome as suggested by Polisky and McCarthy (26) . We believe that the discrepancy between our results and those of Polisky and McCarthy (26) arises from the different techniques used for the isolation of SV40 chromatin (see reference 5).
We next examined the interaction of SV40 Tantigen with SV40 chromatin. Although the Tantigen used in these studies is not pure, three lines of evidence suggest that the observed DNA binding activity is directly related to the presence of this protein. First, mock preparations of T-antigen from nontransformed cells fail to bind SV40 DNA (32) . Second, all of the DNA binding activity is temperature sensitive in T-antigen preparations obtained from cells transformed by tsA mutants of SV40 (16, 33) . Third, the DNA binding activity in these preparations is specifically precipitated by hamster anti-T antibody (16) .
The interaction of T-antigen with SV40 chro-matin could be followed by use ofa nitrocellulose filter binding assay, since only 20 to 35% of the SV40 chromatin prepared as described above is adsorbed nonspecifically to the filters. The interference by the nonspecific adsorption of chromatin was minimized by subtraction of the nonspecific adsorption from the assay values or by a prefiltration of the chromatin prior to the assay. An excess of T-antigen led to a quantitative recovery of the chromatin, demonstrating that no subset of the minichromosome population was incapable of being bound. In addition, there was no obvious break in the binding profile (Fig. 6 ), which would have been expected if a large subset of the minichromosome population had a greatly reduced binding affinity; i.e., as a first approximation, the minichromosome population was homogeneous with respect to T-antigen-promoted filter binding. The profiles of the binding of chromatin or free DNA as a function of increasing T-antigen suggested that at the equivalence point (50% binding) chromatin required two to three times more T-antigen for binding than did an equivalent amount of free DNA. If this result reflected a reduction either in the number of sites or in the affinity of chromatin relative to free DNA for T-antigen, then in chromatin or free DNA excess, equal amounts of the two should have been bound. Since different amounts of chromatin and free DNA were bound when they were present in excess (Fig. 7) , we conclude that changes in the binding affinities and/or the number of binding sites cannot explain why more T-antigen is required to bind chromatin than free DNA.
We next considered the possibility that Tantigen-chromatin complexes bind to nitrocellulose filters only when the T-antigen is bound at the origin of DNA replication. However, when chromatin was isolated from the variant 1103 (19) , which contains nine copies of the origin of DNA replication and lacks at least one and possibly two of the other high-affinity DNA binding sites for T-antigen (16), the binding profile was parallel to that of wild-type SV40 chromatin and different from that of free DNA (Fig.   9 ). We conclude that the differences between the chromatin and DNA binding profiles do not result from the preferential adsorption to the filter of chromatin complexes in which the Tantigen is bound at the origin of DNA replication.
We therefore can offer only two explanations of the binding data. We favor the possibility that two to three molecules of T-antigen are required to bind chromatin to a nitrocellulose filter, whereas only a single molecule is required to bind free DNA. If this is correct, the binding of T-antigen to chromatin must be cooperative, since no decrease in the amount of chromatin bound was observed in excess chromatin (Fig.  7) . This cooperativeness might involve several T-antigen molecules interacting at a single site on SV40 chromatin and could reflect a requirement for the displacement of histones. We are attempting to determine whether T-antigen can bind to purified nucleosomes. A second possibility that we cannot yet eliminate is that T-antigen complexes SV40 chromatin with high affinity at several sites, but that binding at only one of the sites in any minichromosome traps the complex on a nitrocellulose filter. The results of chromatin binding with the variant rule out the possibility that T-antigen bound at the site near the origin of DNA replication is unique in this regard.
